We study the effect of dynamical friction on globular clusters and on the stars evaporated from the globular clusters (stellar streams) moving in a galactic halo. Due to dynamical friction, the position of a globular cluster (GC) as a stream progenitor starts to shift with respect to its original position in the reference frame of initial GC orbit. Therefore the stars that have evaporated at different times have different mean position with respect to the GC position. This shifting results in a certain asymmetry in stellar density distribution between the leading and trailing arms of the stream. The degree of the asymmetry depends on the characteristics of the environment in which the GC and the stream stars move. As GCs are located mainly in outer parts of a galaxy, this makes dynamical friction a unique probe to constrain the underlying dark matter spatial density and velocity distributions. For a GC NGC 3201 we compared our theoretical shift estimates with available observations. Due to large uncertainties in current observation data, we can only conclude that the derived estimates have the same order of magnitude.
INTRODUCTION
Stellar streams that form from the evaporating globular clusters allow to constrain the mass distribution models of the Milky Way (MW) galaxy. For example, by using the general shape of the stream orbits Bovy et al. (2016) has determined the flatness of the mass distribution of the inner 20 kpc of the MW. Since the stars that evaporate from globular clusters have no preferred direction (in cluster's frame of reference), initially the streams formed at Lagrangian points L1 and L2 should be symmetrical.
The stellar linear density along a stream is not uniform, because epicyclic motion of evaporated stars define fluctuations in density, but these fluctuations can be estimated (see e.g. Capuzzo Dolcetta et al. 2005; Küpper et al. 2008 Küpper et al. , 2012 . In addition, density gaps may occur, as streams may interact with massive molecular clouds when passing through the galactic disc (Dehnen et al. 2004; Amorisco et al. 2016 ). An especially interesting topic is the possible interaction of streams with the dark matter (DM) subhaloes and the study of resulting gaps in density distribution of the streams and corresponding perturbations in velocities of stream stars E-mail: rain.kipper@ut.ee (Ibata et al. 2002; Carlberg 2012; Erkal & Belokurov 2015; Erkal et al. 2016b Erkal et al. , 2017 Bovy et al. 2017) .
According to the ΛCDM model, at present epoch, the DM subhaloes provide up to ∼ 10% of the overall DM halo mass for a MW size galaxy with a specific (approximate power-law) mass spectrum (Diemand et al. 2008; Springel et al. 2008) . Power spectrum of density distribution fluctuations may make it possible to constrain the mass distribution of DM subhaloes (Bovy et al. 2017 ), which in turn may constrain possible warm DM particle masses (Viel et al. 2013; Pullen et al. 2014; Richings et al. 2018) or charged DM particle masses (Kamada et al. 2013) .
The asymmetry of the mass distribution of the MW (a rotating bar) and corresponding non-stationarity creates short streams (Hattori et al. 2016; Price-Whelan et al. 2016) and an asymmetry between the two branches of the stream (Pearson et al. 2017) . Simulating Palomar 5 stream asymmetry Pearson et al. (2017) found that for a certain bar pattern speed the observed asymmetry can be produced.
In this work we study how the dynamical friction due to stellar and DM halo environment creates asymmetry in stellar streams. Dynamical friction effect (deceleration) is proportional to the mass of the body and to the density of the environment. Thus deceleration is different for the GCs and for the stars in corresponding stellar streams. Position of a progenitor GC in a stream changes with respect to its initial position. This in turn creates a certain asymmetry in the stellar density distribution between the leading and trailing parts of the stream. The deceleration of the GC can be calculated by measuring this asymmetry.
When the deceleration is known it is possible to calculate the density of the environment. If the environment consists of different ingredients (gas particles, stars, diffuse DM particles, DM subhaloes), and if the gas and stellar densities are known from independent measurements, it is possible to estimate the DM density and potentially discriminate the smooth DM component from the more dense DM subhaloes.
Outline of the paper is as follows. In Sect. 2 we discuss the formation of a stellar stream and present a model to calculate the shift of a GC with respect to its original position within previously evaporated stars due to dynamical friction. In Sect. 3 we give the details of the MW model used in subsequent calculations. Sect. 4 presents our main results. Results are given for a large sample of GCs and thereafter we compare them with available stream data. Sect. 5 is left for discussion and conclusions.
STELLAR STREAMS OF GLOBULAR CLUSTERS

Formation of a stream
In an axisymmetric galaxy, all the test particles (stars, GCs etc.) move in orbits that conserve integrals of motion, such as the energy and the z-directional angular momentum L z . Interactions between the galactic objects can change their integrals of motion, which also changes their orbits (see e.g. Sellwood (2013) ). In case of the dynamical evolution of a GC interactions between the stars within the GC cause their evaporation from the GC and subsequent formation of stellar streams (Fall & Rees 1977; Gnedin & Ostriker 1997; Odenkirchen et al. 2001) . At the moment stars evaporate from the GC (primarily through the Lagrangian points L 1 and L 2 , see Küpper et al. (2008 Küpper et al. ( , 2012 and Bowden et al. (2015) ) they have a shift in positions and velocities with respect to the centre-of-mass values of the GC. Thus, the integrals of motion for the GC and corresponding evaporated stars are slightly different, causing GC and its stream stars to move along slightly different orbits (Eyre & Binney 2011; Bovy 2014; Carlberg 2017) . Small differences in velocities between individual stream stars at Lagrangian points result in slightly different orbits for them, hence, the stream has also some thickness.
The evaporation through two Lagrangian points results in two stream arms -the leading and the trailing arm. As GCs can be assumed to be symmetrical, with their dimensions very small in comparison to the parent galaxy, the gravitational potential of the galaxy close to the GC can be approximated with a linear function. In this case, both Lagrangian points are at the same distance from the centre of the GC and intrinsically the stellar stream is symmetricleading and trailing arms have statistically the same distribution of stars with respect to the GC centre. Erkal et al. (2016a) showed that precession and nutation that cause nonuniformity of the stream come forth for longer streams. Figure 1 . An illustration about the shift of GC position due to dynamical friction along a stream with respect to its initial position as a function of time. In the left hand panel the black solid line depicts GC position shift, thin red lines denote individual evaporated stars. It is seen that at every moment the projected positions of stream stars are not symmetrical with respect to the GC position. Asymmetry increases in time. In the right hand panel the resulting number density distribution of evaporated stars along the stream at t = 8 Gyr is given. Density distribution asymmetry with respect to the GC position at t = 8 Gyr is clearly visible.
In a non-stationary galaxy stream arms are not symmetrical. Non-stationarity may be caused by large-scale interactions or by a rotating bar (e.g. Pearson et al. (2017) ). However, small non-stationarities may also be caused by, e.g., dynamical friction effects, leading to slight incremental changes in GC orbits over time.
In this paper we analyze the asymmetry of stellar streams caused by small changes of GC orbit (or corresponding integrals of motion) between different evaporation events. Changes in a GC orbit are primarily caused by the dynamical friction in a host galaxy.
In case of a stationary galaxy and a symmetric stream, the position of the progenitor GC and the overall centre of the symmetry of stream stars are the same and remain the same in time. However, if the GC orbit changes between ejections of stars compared to the initial orbit, subsequent stream stars will be ejected symmetrically with respect to the new orbital position of the progenitor GC. As a result, the mean position of all stream stars does not coincide now with the GC. The shift between the centre of the GC and the centre of stream stars changes in time. Evolution of the shift for a simple model including the dynamical friction effect (a constant deceleration) is illustrated in Fig. 1 . Deceleration value for this illustration was not calculated from friction model but was taken simply to be 0.03 km/s/Gyr. Velocities of evaporated stars were taken from a Gaussian distribution with the same mean value and dispersion as the GCs orbital velocity and a typical GC velocity dispersion. Since dynamical friction affects only GC orbit and keeps the orbits of the evaporated stars intact 1 , time-evolving shift between the mean position of evaporated stars and GC location appears (left-hand panel in Fig. 1) . As a result, the averaged number densities of stream stars are not symmetrical between the two arms of the stream (right-hand pane in Fig. 1 ).
Dynamical friction has small effect on a GC orbit. For this reason, we characterize the changes of a GC orbit and positions of objects along the orbit simply as shifts projected to the initial GC orbit -shifts along the orbit. These shifts along and with respect to the initial GC orbit are denoted as ∆x.
Dynamical friction
Dynamical friction is a drag force on a massive object moving through the field of lighter objects and collecting a temporary mass wake behind it (Chandrasekhar 1943) . The wake applies force to the massive object and decelerates it.
A general formula for the force per unit mass caused by the dynamical friction is given as (see e.g. Binney & Tremaine 2008)
where v GC and M are the velocity and the mass of the massive object (e.g. GC), respectively, ρ is the spatial density of field objects and f is their phase space density normalized to one, ln Λ is the Coulomb logarithm and G is the gravitational constant. The matter contributing to the dynamical friction consists mainly of stars and the DM halo particles. In case of the isotropic velocity distribution of field objects, this equation simplifies considerably, and is called Chandrasekhar's formula (see Chandrasekhar 1943) . From Eq.
(1) we see that the effect of dynamical friction is stronger for more massive GC and for the ones that move with similar velocities as the field objects (denominator under the integral in Eq. (1) is small).
Combined measurable quantities
The orbital segments of stream stars and of the parent GC are approximately parallel to each other. For simplicity, we measure distances only along the GC orbit and positions of stars along the stream orbit are projected to the GC orbit. Let ∆x be a shift of a GC and evaporated stars with respect to the initial GC position projected to the initial GC orbit. Hence, the shift ∆x results mainly from velocity differences between different orbits and in calculations we approximate the shift ∆x based on velocities along the GC initial orbit.
Thus, the shift ∆x at time t can be calculated as
where ∆v(t) is the velocity difference at time t and a is the acceleration. Quantities ∆x, ∆v, and a are measured along the orbit of GC and can be calculated from the total force per unit mass F. The forces were calculated based on orbit after its integration, hence the friction was not included in orbit integration. This is justified since the first-hand estimation of dynamical friction does not change the orbit noticeably.
To estimate the acceleration a from F we have to take into account the response of velocity to the torque via changes of angular momentum L z . The origin of the torque is the dynamical friction. This can be approximated by the so-called 'donkey effect' (see Binney & Tremaine 2008)
where ϕ, θ, r are spherical coordinates and r measures the distance from the centre of host galaxy. In the last equation we have assumed the usual Oort constants and circular velocity (v c ) denotations
Here R is the distance from the centre of a galaxy in the Galactic plane and Φ denotes gravitational potential. In case of flat rotation curve A/B reduces to −1, in case of adopted Galactic potential (see Sect. 3), A/B varies between −0.2. . . −1.5.
The acceleration a used in Eq. (2) is the projection of a to the GC orbit at a given point.
DESCRIPTION OF THE MILKY WAY MODEL
To calculate the asymmetry in a stellar stream density distribution, described in the previous section, we need to know the mass density distribution ρ and the phase space density distribution (in fact, the velocity distribution) f for a region of the Galaxy where the stream is located.
Spatial densities and velocity distributions of Galactic components
To calculate the orbits of progenitor GCs we used galpy python package developed by Bovy (2015) with MWPotential2014. To calculate the dynamical friction effect from Eq.
(1) we need density and velocity distributions of corresponding individual components. Although the components in MWPotential2014 included a bulge, a Miyamoto-Nagai disc and a NFW dark halo, the first two components do not contribute in outer regions of the MW, where the dynamical friction effects are calculated. However, a stellar halo may contribute to the dynamical friction. Thus, we added a stellar halo from a model by Jurić et al. (2008) . We also need to know the velocity distribution function at the orbital points of GCs. Dynamical friction results from the stars of stellar halo and from the DM particles. For the stellar halo all three velocity dispersion components were taken from Bird et al. (2019) . Unfortunately, this kind of data is not available for the DM halo. To derive velocity dispersions for the DM halo we solved Jeans equations. Two forms for the corresponding velocity ellipsoids were assumed: (i) an isotropic velocity distribution, and (ii) a distribution with constant anisotropy. The solutions for the Jeans equations for these two cases are
for constant anisotropy case, where γ = 2 − 2σ 2 θ,φ /σ 2 r is an anisotropy parameter, and
for the isotropic case. The anisotropy parameter in Eq. (9) was assumed to be the same as the mean anisotropy of the stellar halo, σ θ,φ /σ r = 0.62, taken as the average from the halo profile of Bird et al. (2019) . A typical GC orbit is mostly located in the outer regions of the galaxy, where the DM halo dominates the density distribution. The contributions of stellar disc and stellar halo to the dynamical friction are rather small. We tested this by selecting their average velocity distribution parameters according to Bland-Hawthorn & Gerhard (2016) . The result is presented in Fig. 2 for a typical GC with mean distance of r = 35 kpc from the Galactic centre. The stellar halo and disc provide about an order of magnitude smaller contribution integrated over time than the DM. Hence, in subsequent dynamical friction calculations we ignore the contributions of both stellar components.
Globular clusters in the Milky Way
GCs analysed in this paper and their parameters were taken from a compilation by Baumgardt et al. (2018) . 2 For each GC we calculated their orbits and shift ∆x.
The Coulomb logarithm in Eq.
(1) determines the region along the GC path that is contributing to the dynamical friction. We used the value ln Λ = 5.8 by assuming a maximum impact parameter of 1 kpc, and a minimum impact parameter 3 pc corresponding to the typical half-light radius of GCs.
RESULTS
We calculated the effect of dynamical friction for the GCs in Baumgardt et al. (2018) selection. In Section 4.1 we describe the effect of dynamical friction in detail by using one GC as an example. In Section 4.2 we present the results for all GCs and in Section 4.3 we discuss some GCs in more detail.
Dynamical friction effect for a typical GC
We selected a well observed GC NGC 3201 as an example for which we present possible stellar stream asymmetry sources in detail. Fig. 3 shows the calculated decelerations, resulting velocity and position shifts along the original GC orbit over the last 8 Gyr. Both the total deceleration (black lines) and the contribution from individual deceleration components (green for radial component, red and blue for tangential ones) are given. Periodicity seen in deceleration values corresponds to different locations of the GC in the Galaxy. During the pericentre passages, the deceleration has prominent peaks due to increased DM densities. During the apocentre passages, there are secondary peaks caused by the slower motion of the GC (or even nearly standing still along the radial direction). This effect results from the integral part of Eq. (1). It means also that the radial acceleration contribution to the dynamical friction (projected to the GC orbit) is zero during the apocentric passages.
It is also seen that acceleration directions (positive or negative) and shift values along the orbit are different for different acceleration vector components. This is caused by the donkey effect (see Section 2.3). Depending on the nature of GC orbit (radial or circular orbits), the shifts can be positive or negative with respect to the orbital motion since the orbit determines how strongly the donkey effect affects the shift. Hence, it depends on the nature of a GC orbit whether the leading or the trailing arm of a stellar stream is longer. For NGC 3201, the trailing arm is longer than the leading arm. Fig. 3 shows that θ-component (red line) accelerations are very small and thus have nearly negligible contribution to the coordinate and velocity shifts. This is not surprising since NGC 3201 orbit is quite close to the Galactic plane and oscillates slowly in vertical direction (see the bottom right panel on Fig. 3 ).
An additional point of interest is that the cumulative effect of the dynamical friction (shift ∆x along the orbit) (2)) for a sample GC NGC 3201. Colour coding for these three panels is the same. Bottom right panel shows the shape of the orbit (radius and height from the Galactic plane). Calculations were made assuming an isotropic velocity distribution. GC orbit is calculated over 8 Gyr assuming that MW potential does not change during this time.
depends quite strongly on time. Hence, the asymmetry between leading and trailing arms is strongest for stars that are evaporated during earlier times in cluster's dynamical evolution. Due to mass segregation, stars evaporated earlier tend to be less massive and are, unfortunately, relatively faint and are difficult to observe.
Dynamical friction effect for the total sample of GCs
The effect of dynamical friction (shifts along the orbit) as a function of GC pericentre distance is presented in Fig. 4 . The shifts are calculated for a 5 Gyr time span for all GCs from Baumgardt catalogue (Baumgardt et al. 2018 ) with known phase space coordinates. The Figure shows that calculations assuming isotropic or anisotropic velocity distribution give similar results. Shifts calculated by assuming a constant anisotropy fixed to stellar halo value are smaller when compared to the isotropic case. GCs with small pericentric distances might be influenced by the MW bar. Hence, at present (when the bar effects cannot be modelled reliably) the shift estimates for these GCs are not reliable. Labelled GCs at the upper right part of Fig. 4 are the best candidates to detect the dynamical friction effect from dark matter halo. These GCs are in orbits with large pericentre values and the effect of dynamical friction for these GCs is the largest. In the next subsection we will discuss some of these GCs in more detail. Large shift is not the only criterion for observational detection of dynamical friction effects, because GC location at a low Galactic latitude or at a large distance from us makes observing streams challenging.
Another subset of GCs in Fig. 4 is marked with green symbols and they denote the GCs that have shifts which translate to largest angular distance in the sky. These GCs are mostly located close to the Sun. Although from observational aspect their stream asymmetries are easier to detect than ones having large shift, their position is too close to the bar and possible asymmetry detection does not allow us to conclude that the dominant cause of the shifts is dynamical friction.
The 5 Gyr shifts along the orbit for all analysed GCs are listed in Table A1 . There we also present angular shifts, i.e. shifts projected from orbital arc to the sky plane. The angular distance estimate includes the projection of orbital arc perpendicular to line of sight, but does not include orbital velocity inhomogenities. 
Specific GCs
In this Section we discuss GCs that are most promising for pure dynamical friction analysis. We included only GCs for which we found relevant references in literature.
NGC 3201
Based on 13 RR Lyra stars compiled by Kundu et al. (2019) there is a shift between the GC and GC stream centre to be 18 ± 23 pc (this error includes only statistical one, and does not include any of the selectional sources). Our dynamical friction model estimate (see Fig. 3 ) is 25 . . . 43 pc (for 5 Gyr), which is in good accordance with the measured value. In principle, the observed value is within the errors consistent also with no shift.
Palomar 5
GC Palomar 5 has long and prominent leading and trailing streams. Palomar 5 might be in resonance with the MW bar (Pearson et al. 2017 ), thus unfortunately not eligible for the friction-only analysis. In addition, Palomar 5 has too small mass for a noticeable dynamical friction effect from dark matter halo.
NGC 5824, NGC 5024, NGC 5694, NGC 2419, NGC 3201, NGC 6101
GCs NGC 5824, NGC 5024, NGC 5694, NGC 2419, NGC 201 and NGC 6101 have strong potential to exhibit detectable effects from pure dark matter dynamical friction.
We searched for stellar streams in the neighbourhoods of these GCs, using data from the Gaia DR2 catalogue (Gaia Collaboration et al. 2016 , 2018 . The search process in the case of NGC 5824 is illustrated in Fig. 5 . First, we selected stars that had proper motions similar to the respective GC. Next, we plotted the colour-magnitude (G BP − G RP vs G) diagram (CMD) for each GC, and narrowed the star selection in the GC neighbourhood with stars that followed the GC isochrone on CMD. The resulting selections were visually inspected. No streams were apparent around the abovementioned GCs.
DISCUSSION AND CONCLUSIONS
Observational aspects
We estimated how much the effect of dynamical friction influences the asymmetry of GC stellar streams. The constant lagging of a GC behind on its orbit when compared with the stream stars produces a shift of the GC with respect to the previously evaporated stars and thus an asymmetry between the leading and trailing parts of the stream. Thus, the distribution of recently evaporated stars is preferably more lopsided compared to the earlier evaporated stars. From the observational perspective, it is seen as an asymmetry in surface density distributions between the two branches of the stellar stream. We calculated shifts (∆x) of the progenitor GC and its evaporated stream stars with respect to the initial position of the progenitor GC or the centre of the symmetry of the oldest parts of the stream. In most cases, either calculated shifts are too small to be detected within current observational data, or pericentres of GC orbits are too near the MW central bar, which can be another source of asymmetry in observed stellar streams. Although there are numerous hindrances, it should still be possible to study the dark matter by taking these effects into account and provided deep photometric observations of the stream. The diversity of the distances, evaporation histories and densities of the streams do not allow us to deduce a certain brightness limit for needed observations.
On the other hand, calculated shifts, depending on the GC orbit and evaporation process details, may be quite large compared to the width of the stream. In case of short stellar streams (recently evaporated stars) the shift ∆x is more easily measurable. In principle, there exists a possibility that for some GC there might be even only one stream arm, if the radial derivative of the angular velocity in the orbit is small and dynamical friction is large. In a similar case, when the GC has moved backwards and inward with respect to one arm of the stream and still evaporates stars, it might be possible to have two parallel streams. As an example, a short double stream structure near GD-1 has been found by (Malhan et al. 2018) (not the longer one found by Grillmair & Dionatos (2006) ), but another possible explanation of this double structure is simply a massive perturber Bonaca et al. 2018) .
Dynamical friction and resulting inward migration of a GC orbit is an aspect which should be taken into account also when streams are used to constrain overall properties of the gravitational potential of a parent galaxy. This is especially important when a GC and corresponding stream is moving in an elongated high energy orbit which allows to probe the friction it had near the apocentre i.e. further away than the current position.
In the present paper we assumed a simple virialized halo. A first order estimate how much results can vary when loosening this assumption can be seen by comparing panels of Fig. 4 . Incorporating of more complicated haloes to our model (e.g. by using the halo from Helmi et al. (2018)) can be done by including halo substructures to the phase space function f and include their orbital evolution.
DM implications
Assuming that with future detailed measurements of GCs it is feasible to determine the strength of dynamical friction in several locations over the Galactic halo, one would certainly hope to learn valuable information about the properties of DM -the dominant form of material filling the halo.
On the one hand, the assumption used for deriving Eq. (1) is that an elementary unit of DM is much lighter than the mass of the target object moving in that medium, and thus, it does not important if the medium consists of particle DM (e.g. axions, WIMPs, etc) or even of primordial black holes with masses up to and exceeding the Solar massscale -the instantaneous dynamical friction is determined simply by the density of the medium. On the other hand, the realistic density and velocity-space structure of the DM halo -DM streams, subhaloes, etc -is far from uniform and depends crucially on (i) halo assembly history (i.e. on particular small-scale realization of initial fluctuations) and (ii) on DM microphysics (e.g. warm DM (WDM), fuzzy DM, self-interacting DM -popular alternatives to the standard cold DM (CDM)). For example, in the standard CDM scenario one expects O(10)% of the DM halo to be in the form of substructures (e.g. Gao et al. 2004) , while for the cases of WDM and fuzzy DM the amount of small-scale substructures is significantly reduced (e.g. Schneider et al. 2012; Du et al. 2017) .
In order to have a measurable orbital lag of the GC with respect to the ejected stars one has to use long enough sections of the tidal tails, and thus effectively probe the density of the DM medium averaged over the corresponding section of the cluster's orbit. In cases with large amount of substructures the chances of passing through denser DM clumps is enhanced, leading to a boost in dynamical friction, and thus, in principle giving us sensitivity to differentiate between alternative DM models. Of course, this can be done only sta-tistically once one has several detailed GC measurements available over the MW's DM halo.
The power to discriminate between various DM models is further complicated by the fact that a substantial fraction of GCs in Galactic halo, in particular the metal-poor blue population, is not expected to be formed in situ, rather being accreted as member systems of the MW's satellite galaxies (e.g. Searle & Zinn 1978; Renaud et al. 2017) . Thus, one would expect the orbits of these GCs for quite some time to be correlated with the tidal DM debris left over from the disruption of their parent haloes, this way enhancing the level of dynamical friction. Also, more recently accreted GCs are expected to have significant velocities with respect to the DM halo, such that the effective velocity distribution function entering in dynamical friction calculations can be significantly anisotropic in GC's frame of reference.
The main goal of this paper was to estimate the size of the GC displacement due to dynamical friction and to further provide initial investigation under what conditions can the effect be realistically measurable. A more detailed investigation regarding the possibility to distinguish between the alternative DM models is beyond the scope of this paper and is left for the future study. Table A1 . The estimation of shift along the orbit (∆x) produced by dynamical friction from only dark matter over the 5 Gyr time span. Angular shift (∆φ) shows the angular distance between the GC and stream centre along the orbit as viewed from the Sun. D denotes the distance of the GC from the Sun. l and b denote the Galactic longitude and latitude of the GC. The calculations are made by assuming either isotropic or constant anisotropic dark matter particle velocity dispersion tensor with the anisotropy value adopted from stellar halo. 
